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INTRODUCTION
Accessibility is a fundamental characteristic feature of the minicomputer. Along with accessibility goes interaction which is one of the great virtues of the analog computer. The requirement for many nonlinear elements and the inclusion of empirical data in almost all biological models makes digital-analog simulation an attractive approach to the study of biological systems.
Since 1955 over two dozen simulation languages have been developed with a variety of features; however, these languages have generally been implemented on large computers, have frequently been inflexible, and have seldom provided extensive on-line user interaction. PAC- TOLUS' and some of its descendents attempted to improve the interactive capability. The recent availability of both small stand-alone minicomputers and time-sharing systems featuring conversational languages such as JOSS, FOCAL, and BASIC suggested utilization of these systems as a foundation for development of a highly interactive and flexible digital simulation system. Two factors that at first glance may seem to be trivial points are, in fact, quite significant in the development of computing systems for modeling biological systems. First, biological simulation is the inverse of the general engineering simulation process. The biological system exists. It has been optimized by years of evolution. Thus two of the main engineering applications -synthesis and optimization -do not, in fact, exist in biological research. Instead, biological simulation results in the iterative process illustrated in Figure 1 : Instead of an optimization run where a set of parameters are altered systematically, we find the biologist continually modifying both the structure of his model and its parameters in an attempt to match real life. In theory the model has served its purpose when a perfect match is obtained between the two research loops shown in Figure 1 ; in practice, this seldom happens, and the continued iterative process is biological research.
The second factor affecting the design of biological simulations is the ease with which the programming techniques can be learned. Computer simulation is merely a tool for biological researcha fact too often forgotten by programmers who delight in developing a clever esoteric programming language. To be of any use in biology the acquisition of a new computing technique should be no more complicated than learning to run a new laboratory instrument. The success of Dartmouth BASIC illustrates the many uses noncomputer scientists will find for computers when the language is easy to learn, offers immediate diagnostics, and is run on an easily accessible computer such as a time-sharing system or minicomputer.
To permit the maximum flexibility in the development of biological models, an on-line, conversational language known as FOSIL (FOcal Slmulator Language) has been defined. FOSIL may be either blockor equation-structured, and it employs FOCAL (Digital Equipment Corp., 1969) as the procedural and algebraic language. FOSIL is the first on-line conversational simulation language to be defined with a simple format that is freely expandable with full procedural capabilities. A similar but less flexible simulation language (called BASIL) may be developed using BASIC as the procedural and algebraic language.
Figure I -Interaction between simulation and experimentation
The minimum requirements for interactive digital simulation are extremely modest: a minicomputer, an interactive language, and a teletype. Graphical output may be &dquo;plotted&dquo; on the teletype. One may then add features and may trade-off model size for features within the constraint of a fixed core size.
The system described below was developed for a 16K PDP-9. In this system the design requirements set for the biological simulation system were as follows:
1. Easy user interaction 2. Extensive graphics capability 3. Easily modified simulator structure 4. Flexible graphical function generation 5. Adaptability to either block-oriented or equationoriented problems 6. Uncomplicated numerical integration scheme 7. Suitability for either the beginner or advanced researcher These capabilities were readily developed by starting with a command-type algebraic interpreter which provides the fundamental on-line conversational arithmetic capability. Special functions or commands were then added to the interpreter to meet the needs of numerical integration and graphical display. The control structure of the simulation is all or partially written in the conversational language to permit easy modification of the simulation system itself by advanced users. Experience has shown that the latter feature is very important to advanced modeling.
FOSIL has been in use for almost two years at the University of Mississippi School of Medicine. The system has received wide acceptance and application by both biologists with little previous computer experience and by engineers with considerable digital computer background. FOSIL functions effectively both as a teaching aid and as a valuable research tool. z
DESCRIPTION OF FOSIL LANGUAGE
A simulation language must provide statements, commands, and mathematical operators suitable for describing the configuration of the model and for controlling the simulation process. Since FOSIL was evolved from an algebraic language, all of the basic mathematical operators and functions are available. Additional commands and functions were added to provide the modeling capability. Table I lists the basic operators and procedural commands available in FOCAL along with the additional commands and functions that have been defined to make up the FOSIL system. Currently available are a function-generator function, an Euler integration function, and several functions to provide adequate analog output capability. These functions provide a basic modeling capability. The FOSIL operating system allocates a certain storage region for model representation. FOSIL incorporates all of the features of FOCAL for the PDP-9, including a numbering system that allows statement numbers from 1.O 1 to 99.99. The number to the left of the decimal point represents a &dquo;group number,&dquo; while 99 lines are permitted within each group as indicated by the number to the right of the decimal point. The FOCAL system is described in greater detail in the PDP-9 FOCAL programming manual. The FOSIL operating system reserves group numbers 5 through 19 for model representation. By allowing one block to a statement number, a system of over 1300 analog blocks could be represented by the FOSIL simulator.
Since digital simulation of analog systems results in the serial representation of a parallel system, certain conventions must be observed in preparing the system representation. All integrators must be placed first, followed by statements and block representations in such an order that all needed inputs or arguments are calculated by the time a given statement is executed by the FOCAL interpreter. This ordering of the statements is generally called sorting and is handled automatically by most digital simulation systems. A command could be provided to automatically sort the lines in Group 5 through 19; however, the sorting operation is currently handled manually by the modeler. An integration function is provided in FOSIL to simulate an analog integrator. The integration statement format is as follows:
Since several integration functions will ultimately be available, FINI ( ) represents the first integration implemented using the simple Euler or rectangular integration algorithm. OUT indicates a three character symbolic label for the result of the integration calculation. IC represents the initial condition which may be either a constant or a named variable. INP represents the symbolic name of the input or function being integrated. Current practice requires that the output symbol be repeated as an argument of the integration function. Labels or variables may consist of one to three alphanumeric characters not starting with F, which is reserved for function names. Several variable names are restricted for use by the FOSIL operating system. These include T and DT which are used by the integration functions. Proper definition of T and DT is handled by the FOSIL operating system.
Simulation accuracy in the preliminary version of FOSIL is not controlled in the sense that one may preset simulation accuracy as done in predictor-corrector integration algorithms. On the other hand, floating-point calculations are carried out with a 36-bit mantissa, which appears to provide adequate precision for biological modeling. Solution stability and accuracy may be con-trolled by reducing the integration interval. With a 36-bit mantissa we have not detected instability due to roundoff errors. Of course, the physiological models developed in our laboratories do not demand the precision of some physical systems. The second basic function developed for FOSIL is the graphical function generator. The format is as follows: SET OUT = FUNC(INP,xbYl1x2,Y2,... xn,Yn) INP and OUT have the meaning defined previously, while the x-y pairs represent coordinates of points used to define an arbitrary function. Since both x and y values of each &dquo;break point&dquo; are specified, one need not use equispaced input values. In addition, no scaling is required since any number acceptable to the FOCAL floatingpoint number system is acceptable.
Another feature of the function-generator function is the means by which the output value is defined when the specified range of x is exceeded. If the input INP is either less than x' or greater than x , the output variable OUT is set equal to zero. By using this convention, function generators may be &dquo;stacked&dquo; and therefore graphical functions may be described with no restriction on the number of line segments used in the approximation. The output of several partial functions may then be summed to represent a complete function. The function generator algorithm provides for four-quadrant floating-point function representation with linear interpolation between data points.
For simplicity most common analog blocks are represented by mathematical operators, rather than by using block-oriented functions. The following examples illustrate this:
The various inputs and parameters (PAR) may be constants, variables, or expressions, consequently much of the restrictive structure of a block-oriented simulator may be eliminated. Arrays to store constants and parameters are not required; however, a parameter may be set up as a variable and defined in statement group 4, where it may be adjusted as required during a simulation study. However, it should be noted that the simplicity with which any statement may be modified in FOSIL permits a simulation study to be carried out by simply modifying parameters directly in appropriate statements in the model.
Operating System. The FOSIL simulator consists of three basic programs. Of primary importance is the FO-CAL interpreter for the PDP-9. It is a series of machine-language routines that offer algebraic and procedural capabilities by interpreting FOCAL or FOSIL languages statements and commands. As indicated, commands are handled interpretively, while variables are manipulated by way of a table of symbols identifying stored quantities. Secondly, a machine-language subroutine provides an expanded set of mathematical and simulation functions.
FOCAL, and consequently FOSIL, are unusual systems in that the source or programming language statements are stored in memory unaltered. This procedure provides for very compact program storage and at the same time permits rapid on-line program alteration by allowing access to individual characters in the source language. For instance a single typographical programming error may be corrected immediately in response to error diagnostics provided by the interpreter. This interactive power is not possible in compiler programming systems. A major value of FOSIL is the ease with which errors, model configuration, or procedural commands may be changed on-line.
The third part of the FOSIL simulator is the run-time operating system. A unique and useful feature of FOSIL is that the operating system and the configuration of the model being studied are written in the basic FOCAL or FOSIL language. Both the model and the operating system are accessible by the user. It has been our experience that the user often wishes to modify the modeling system, and for this reason most modern simulators allow the incorporation of special procedural coding. Therefore, FOSIL includes a framework operating system that may be modified as easily as a model. The basic operating system provides a conversational instruction set that permits a newcomer to easily develop and control a simulation study. At any time the simulation may be interrupted and parameters or configuration changed by direct commands before continuing the simulation run or study. Operating instructions and conversational interaction guide the user in making parameter or configuration changes along with controlling the various output devices. Figure 2 is a diagram of the general structure of the operating system. The structure may be altered on-line, at will. It should be emphasized, however, that certain procedural structures need not be built into the FOSIL operating system since the basic FOCAL interpreter decodes the source language. In particular, all of the anticipated parameter changes of a simulation study need not be premediated and preprogrammed. Any aspect of the structure or parameters may be changed at any time during a simulation by direct command.
Interactive control. For complete interactive control, the essential requirement is a means of stopping the simulation at any time and the ability to resume the simulation at the same point in simulation time after the model or parameters have been altered. Currently a sense Figure 2 ~ _ switch is used to interrupt simulation. The model and parameters are changed by direct commands that do not affect previously calculated variables. Then the direct command &dquo;GOTO 5.01&dquo; allows the simulation to continue. Examination of the PDP-9 FOCAL programming manual provides a clear understanding of the application of direct and indirect commands.
Other interactive controls could include switch register control of incremental plotter operation or any other interactive action a user may desire to add by way of a sense-switch function.
While requirement for analog displays is not unique to biological research, an analog interface is probably the most effective means by which an experimenter can interact with the system being studied. As we have emphasized elsewhere, modeling or simulation is a basic tool in experimental biological research. For maximum interaction between the experimental and simulation efforts, the output of the digital simulation should look as much like experimental data as possible. Graphical output on an incremental plotter and a storage oscilloscope provide the output interface to the experimenter and to experimental research, much as the function generator provides a means of entering experimental data into the simulation system.
FOSIL includes an expanded set of functions to interface analog output devices. These were developed using subroutines graciously provided by the Department of Clinical Physiology, University of Tennessee, Memphis, Tennessee.
ILLUSTRATIVE BIOLOGICAL MODEL
The following material gives the biological basis of the demonstration biological model shown in Figure 3 . A segment of the largest blood vessel in the body, the aorta, can be described as a single chamber. Blood flow into this chamber comes directly from the left ventricle of the heart through the aortic valve, a valve consisting of three thin pocket-like cusps. This valve has.a very low resistance to flow when open and, if the valve is not diseased, there is virtually no reverse flow when the valve is closed.
Blood flows out of this aortic segment to all areas of the body through a distribution system that consists of smaller vessels branching off from the larger vessels in a tree-like fashion. The driving function for the system is the blood pressure in the left ventricle of the heart. This pressure is periodic in nature with a frequency of approximately 72 beats per minute in the normal human (1.2 Hertz). The ventricular pressure is near zero when the heart is at rest (diastole), but during the part of the cardiac cycle when the heart muscle is contracting (systole) venticular pressure will rise to 120 mm Hg or more. When this pressure exceeds the pressure in the aortic segment, blood spurts from the ventricule into the aortic segment through the open aortic valve. As the heart muscle begins to relax, ventricular pressure falls to below aortic pressure. Ventricular outflow ceases and the aortic valve closes. Blood continues to flow from the aortic segment into the periphery during both the systolic and diastolic phases of the cardiac cycle. The rate of flow is a function of the blood pressure in the aortic segment.
This pressure in turn is a function of the blood volume of the aortic segment and is pulsatile in nature, being greatest during the period when blood is being ejected from the left ventricular of the heart and being least just before ventricular ejection starts. At this point in time aortic volume is minimal since a considerable fraction of the volume has &dquo;run off ' into the peripheral areas. The relationship between aortic pressure and aortic volume is a curvilinear function that is sensitive to age and pathological conditions, including arteriosclerosis. This model, then, is concerned with the pulsatile pressure, flow, and volume interrelationships in the aortic segment of the vasculature and has the potential of simulating normal and diseased states. Ventricular pressure can be approximated by a truncated sinewave. Using minutes as the time base for the model, 72 beats per minute as the heart rate, and a peak ventricular pressure of 120 mm Hg, the expression for ventricular pressure becomes 120 sine (453 X time) for the contractile part of each cardiac cycle. Ventricular pressure is zero for the noncontractile part of each cycle. The conductance of the aortic valve is normally 1000 ml/min/mm Hg when the valve is open and normally zero when the valve is closed.
This latter conductance becomes nonzero if the valve is damaged. Ventricular output in ml/min is equal to the pressure gradient across the valve (ventricular pressure minus aortic pressure) multiplied by the conductance of the valve. The net inflow into the aortic segment in ml/min is equal to the ventricular output minus the peripheral flow. The aortic volume in milliliters is the integral of net inflow. The relationship between aortic volume and aortic pressure is shown in the top section of Figure 4 . This curve was derived from the data of Dahn et a/.'The nonlinear aspects of this curve are caused by the elastic elements in the vessel wall, with the greatest sensitivity to aortic volume changes (i.e., lowest compliance) being demonstrated at high aortic volumes. The relationship between peripheral flow and aortic pressure is shown in the lower section of Figure 4 . The changing slope of this curve represents a change in resistance to flow that is due to the interrelationships between the pressure across the wall of the aorta, the radius of the aorta, and the dependency of resistance to flow on this radius. This curve was derived from the work of Green and Rapela.4 4 These quantitative relationships give a simple but complete description of the aortic segment. They are expressed in equation form below:
where C p and C R are forward and reverse conductances of the valve. Figure 5 gives the block diagram of the model, which consists of nine elements (one integrator, two summers, one multiplier, four function generators, and one special element, the sinewave generator). This distribution of elements is typical of biological models, although the size of this model is only 5 or 10 per cent of the size of a normal biological model.
The results of an earlier study' of the size and composition of biological models are shown in Table II . The frequency of occurrence of graphical functions and special elements (17%) has probably increased somewhat since the time of the study due to the construction of more sophisticated models. Two different solutions of the model will be obtained. The first uses a miniversion of FOSIL written for either a partition of a PDP-9 or a 4K PDP-8 computer. This version of FOSIL uses a rectangular integration scheme coded by the modeler in FOCAL language, the standard graphical function generator, and teletype input and output. The 
Figure 4
The mini-FOSIL simulator is coded entirely in standard FOCAL language with the previously mentioned addition of the graphical function generator. The emphasis here is on compact programming in addition to interaction and simplicity. A listing of both the simulator and the model is given in Table III . Groups I and 2 and 20 and above are reserved for the simulator. Groups 3 to 19 are reserved for the model as shown. Group 3 contains user-supplied headings that are typed at the start of each study. Group 4 contains parameters and initial conditions, while Groups 5 through 19 contain the FOCAL equivalent of the equations describing the model. Statement 6.1 shows integration using a simple rectangular approximation.
The graphical functions are coded in Group 22 and the various algebraic relationships are coded using standard FOCAL protocol.
The model could be linearized by replacing the graphical functions with simple gain functions. Linearizing would alleviate the necessity of having a graphical function subroutine, but in the past this has proved to be a very dangerous practice in biological modeling, since the essential features of many biological systems are due to nonlinear relationships. The availability of a graphical Convention, 1967) function subroutine allows the modeler (biologist) full flexibility in model construction. Figure 6 shows a mini-FOSIL solution of the aortic segment model. Timing and output information are entered at solution time as shown at the top of the figure. This input is followed by the user's supplied heading and then the solution. Elapsed time is tabulated in the lefthand column. The graphical display was generated in Group 22 of mini-FOSIL. Each variable is scaled to fit into the available fifty-column width of the teletype output to the right of the time tabulation.
Each variable to be graphed must be scaled by a factor equal to 50 divided by the maximum expected value of the variable. Different output symbols can be selected for each variable in order to facilitate interpretation of the output.
Three variables from the aortic segment model were plotted, and the continuous curve was sketched in and la-beled by the modeler. The driving function, ventricular pressure, appears as a truncated sinewave with a maximum amplitude of 120. Aortic pressure reaches a maximum value of about 115 mm Hg and then decreases while the heart is relaxed to a value of about 70 mm Hg.
These maxima and minima are the pressures that are easily measured by blood pressure cuff and stethoscope, and in this case the blood pressure would be recorded as 115/70.
When ventricular pressure exceeds aortic pressure, outflow occurs (the lowest of the three curves). Blood flow into the aortic segment raises aortic pressure, and this flow continues until ventricular pressure falls below aortic pressure. At this time ventricular outflow stops, while runoff into the periphery continues. These curves can be compared to the high-fidelity pressure and flow measurement of Spencer and Greiss' and similarities and dissimilarities noted. The second solution was obtained using standard FOSIL. In this case the model was modified to demonstrate the hemodynamics of a diseased aortic valve. Coding the model was identical to the coding for mini-FOSIL with the exception that integration in full-sized FOSIL is achieved by a standard function, and more sophisticated output can be obtained on a display oscilloscope and Cal-Comp plotter. The subroutine used to service these peripherals requires core that is not always available on the smallest of computers, and in addition it must have sufficient core to provide the appropriate interfaces. Although this model does not show it, the capacity of standard FOSIL is considerably greater than mini-FOSIL due to the greater amount of core reserved for the model configuration. Maximum model size in a 16K PDP-9 is several hundred equations.
Normally the aortic valve closes tightly when a positive pressure gradient from aorta to ventricle is applied across the valve. In this case back flow is zero and the conductance of the valve is zero. The aortic valve can become diseased and damaged in such a way that complete closure is impossible. This may result, for instance, from rheumatic fever, which may cause a condition known as aortic insufBciency. In this condition the cusp of the valve, as shown in Figure 7A , becomes scarred and shortened, and the valve becomes &dquo;incompetent.&dquo; In this condition the conductance of the valve in the reverse direction becomes nonzero, but it is not as great as the conductance in the forward direction. The results of this condition are shown in Figure 7B .
The hemodynamic consequences of aortic insufficiency were studied using the aortic segment model and FOSIL. The results were plotted with the Cal-Comp plotter and are shown in Figure 8 . The left-hand curves show ventricular pressure, aortic pressure, and ventricu- Figure 7B -Conductance of a damaged valve as a function of the pressure gradient across the valve lar outflow for a normal, or patent, valve. These results are identical to those obtained previously using mini-FOSIL. After these control values were obtained, the function generator that describes the conductance of the aortic valve was modified to simulate aortic insufficiency.
The reverse conductance in this case was 80 ml/min/mm Hg. A significant negative ventricular outflow (i. e., flow from the aortic segment back into the ventricle) is demonstrated. Blood flow from the aortic segment in both the ventricular (retrograde) direction and the peripheral direction quickly depletes the aortic segment of its blood volume, and an exaggerated drop in aortic pressure is evident. These results are consistent with clinical observations such as those of Morrow et al.' 7 Other modifications of the model (such as including the inertia of the blood) are relevant and could easily be achieved using the interactive capabilities of FOSIL.
Figure 8
SUMMARY The development of analog models has become a useful tool for biological research. To facilitate the development and study of models that are often highly nonlinear a new simulation system called FOSIL has been developed starting with a conversational algebraic interpreter that has been modified to include an integrator function, graphic function generation, and extensive graphical output capabilities.
In the simplest configuration, useful models may be studied on a basic minicomputer with a teletype. By the addition of more computer memory and special 1-0 devices, a highly flexible and powerful modeling system may be evolved. Examples using mini-FOSIL and standard FOSIL languages illustrate the use of models on the PDP-9 and PDP-8 computers to simulate normal and diseased functioning of the left ventricle and aorta. 
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